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a b s t r a c t
A novel metal ion-independent phospholipase A1 of Streptomyces albidoﬂavus isolated from Japanese
soil has beenpuriﬁed and characterized. The enzymeconsists of a 33-residueN-terminal signal secretion
sequence and a 269-residue mature protein with a deduced molecular weight of 27,199. Efﬁcient and
extracellular production of the recombinant enzyme was successfully achieved using Streptomyces
lividans cells and an expression vector. A large amount (25mg protein, 14.7 kU) of recombinant enzyme
with high speciﬁc activity (588 U/mg protein) was puriﬁed by simple puriﬁcation steps. The maximum
activity was found at pH 7.2 and 50 ◦C. At pH 7.2, the enzyme preferably hydrolyzed phosphatidic
acid and phosphatidylserine; however, the substrate speciﬁcity was dependent on the reaction pH. The
enzyme hydrolyzed lysophosphatidylcholine and not triglyceride and the p-nitrophenyl ester of fatty
acids. At the reaction equilibrium, the molar ratio of released free fatty acids (sn-1:sn-2) was 63:37.
The hydrolysis of phosphatidic acid at 50 ◦C and pH 7.2 gave apparent Vmax and kcat values of 1389
μmol min−1 mg protein−1 and 630 s−1, respectively. The apparent Km and kcat/Km values were 2.38 mM
and 265 mM−1 s−1, respectively. Mutagenesis analysis showed that Ser11 is essential for the catalytic
function of the enzyme and the active site may include residues Ser216 and His218.
c© 2012 Federation of European Biochemical Societies. Published by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Phospholipase A1 (PLA1) [EC 3.1.1.32] and A2 (PLA2) [EC 3.1.1.4]
(PLAs) cleave glycerophospholipids into lysophospholipid and free
fatty acids (FFAs). They are classiﬁed as PLA1 or PLA2 based on
whether they cleave the sn-1 or sn-2 of FFAs, respectively. PLAs exist
in various organisms, including microorganisms, snakes, bees, plants
Enzymes : phospholipase A1 [EC 3.1.1.32]
Abbreviations: PLA1, phospholipase A1; PLA2, phospholipase A2; PLD, phospholi-
pase D; SaPLA1, phospholipase A1 from Streptomyces albidoﬂavus; EcPLA1, phospholi-
pase A1 from Escherichia coli; SxPLA1, phospholipase A1 from Serratia sp. xjF1; SMPLA1,
phospholipase A1 from Serratia sp. MK1; SaEst, esterase of Streptomyces albus J1074;
SsEst, esterase from S. scabies; CV, column volume; DLS, dynamic light scattering; TSB,
tryptic soy broth; SBL, lecithin from soybean; EGGL, lecithin from egg yolk; PC, l-
α-phosphatidylcholine; PS, l-α-phosphatidyl-l-serine; PG, l-α-phosphatidylglycerol;
PI, l-α-phosphatidylinositol; DOPE, 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine;
DMPA, 1,2-Dimyristoyl-sn-glycero-3-phosphate; DPPC, 1,2-Dipalmitoyl-sn-glycero-
3-phosphocholine; POPE, 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine;
POPA, 1-Palmitoyl-2-oleoyl-sn-glycerol-3-phosphate; POPC, 1-Palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine; POPG, 1-Palmitoyl-2-oleoyl-sn-glycero-3-phospho-rac-(1-
glycerol); LPC, l-α-Lysophosphatidylcholine; pNPB, p-nitrophenyl butyrate; pNPO, p-
nitrophenyl octanoate; pNPD, p-nitrophenyl decanoate; pNPL, p-nitrophenyl laurate;
pNPP, p-nitrophenyl palmitate; pNPS, p-nitrophenyl stearate; FFA, free fatty acid
* Corresponding author. Tel.: +81 24 548 8206; fax: +81 24 548 8206.
E-mail address: sugimori@sss.fukushima-u.ac.jp (D. Sugimori).2211-5463 c© 2012 Federation of European Biochemical Societies. Published by Elsevier B.V
http://dx.doi.org/10.1016/j.fob.2012.09.006and mammals. Numerous PLAs have been identiﬁed and charac-
terized (BRENDA database, http://www.brenda-enzymes.info/php/
result ﬂat.php4?ecno=3.1.1.32). PLAs are further divided into groups
based on attributes including cellular location, calcium dependence
and active site residues. PLAs appear to be essential components of
bee and snake venoms. These enzymes were obtained primarily from
bee and snake venoms or the porcine pancreas. Several PLAs have
been found inmicroorganisms: PLA1s from Aspergillus oryzae [1], Ser-
ratia sp. [2] and Escherichia coli [3], and PLA2s from E. coli [4], Strepto-
myces violaceoruber [5] and Pseudomonas aeruginosa [6]. Both PLAs of
E. coli are membrane-bound enzymes. PLAs are metal ion-dependent
enzyme. There is only one report describing a calcium-independent
PLA2 from the P388D1macrophage-like cell line [7]. Besides A. oryzae
PLA1 and S. violaceoruber PLA2, large-scale recombinant production
of PLA1 has not been developed, and its crystal structure and the
catalytic mechanism have not been elucidated.
Here we report puriﬁcation, characterization, gene cloning, and
expression of a novel metal ion-independent PLA1 from Streptomyces
albidoﬂavus. We describe the kinetics for the hydrolytic reaction, sub-
strate speciﬁcity and thepositional speciﬁchydrolysis of glycerophos-
pholipids. Moreover, a predictive active site is discussed on the basis
of a mutagenesis analysis.. Open access under CC BY-NC-ND license.
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Fig. 1. SDS–PAGE analysis of puriﬁed PLA1 from S. albidoﬂavus. Lane M, molecular
marker; lane 1, puriﬁed PLA1.
Fig. 2. Effect of pH and temperature on PLA1 activity (A, B) and stability (C, D) of
the wild-type (closed symbols) and recombinant enzyme (open symbols) for lecithin
(EGGL) hydrolysis. (A) The enzyme activity was assayed at 37 ◦C for 5 min with 2.5%
(wt/vol) EGGL in 0.12 M of each buffer containing 25 mM EDTA and 0.005% (wt/vol)
Triton X-100. The buffers were: sodium acetate (pH 4.1–5.6), BisTris–HCl (pH 5.6–7.2),
Tris–HCl (pH 7.2–9.0) and glycine–NaOH (pH 8.8–10.5). (B) The enzyme activity was
assayed at each temperature in 0.12M sodium acetate buffer (pH 5.6) for thewild-type
enzyme and in 0.12 M Tris–HCl buffer (pH 7.2) for the recombinant enzyme. (C) The
enzyme was incubated at 4 ◦C for 3 h in 50 mM of each buffer solution. The remaining
activity was assayed by incubation at 50 ◦C for 5 min in 0.12 M sodium acetate buffer
(pH 5.6) for the wild-type enzyme and in 0.12 M Tris–HCl buffer (pH 7.2) for the
recombinant enzyme. (D) The enzyme was incubated at each temperature for 30 min
in 0.2 M sodium acetate buffer (pH 5.6) for the wild-type enzyme and in 0.2 M Tris–
HCl buffer (pH 7.2) for the recombinant enzyme. The residual activity was assayed by
incubation at 50 ◦C for 5min in 0.12M sodium acetate buffer (pH 5.6) for the wild-type
enzyme and in 0.12 M Tris–HCl buffer (pH 7.2) for the recombinant enzyme. Data are
the means of experiments performed in triplicate. Error bars represent the standard
deviation.2. Results
2.1. Isolation of Streptomyces albidoﬂavus
Strain NA297 from a soil sample of Fukushima, Japanwas assigned
as S. albidoﬂavus by morphological, physiological and biochemical
characterizations, as well as 16S rDNA sequence analysis. S. albid-
oﬂavus NA297 was deposited as NITE BP-1014 in the NPMD (Chiba,
Japan).2.2. Puriﬁcation of PLA1 from S. albidoﬂavus
The enzymewas puriﬁed to electrophoretic homogeneity from the
culture supernatant by ammoniumsulfate precipitation, hydrophobic
interaction chromatography and anion exchange chromatography. A
summary of the puriﬁcation of PLA1 is shown in Table 1. The puriﬁed
PLA1 with a speciﬁc activity of 2873 U/mg-protein was obtained,
and the total pure protein amount was 8.84 ng. The puriﬁed enzyme
was subjected to SDS–PAGE analysis. A single band with an apparent
molecular mass of ∼28 kDa was visualized by CBB staining (Fig. 1).
The determination of the molecular mass of the native enzyme by gel
ﬁltration chromatography or HPLC analysis was unsuccessful, due to
non-speciﬁc binding to the gel matrix (data not shown). DLS analysis
proved that PLA1 was a monomeric protein and its molecular size
agreed with the result of SDS–PAGE (data not shown).2.3. Properties of PLA1
Wehave examined thepHand temperature proﬁle, effect of chem-
icals and inhibitors, and substrate speciﬁcity of the puriﬁed PLA1. Asshown in Fig. 2, the enzyme exhibited a wide range of pH activity (5–
8). Themaximumactivitywas found at pH 7.2 and 50 ◦C (Fig. 2(A) and
(B)). The apparent activation energy (Ea) for EGGL hydrolysis by the
wild-type enzyme was 18.8 kJ mol−1 in the reaction buffer of pH 5.6
(data not shown). The wild-type and recombinant enzymewas stable
between pH 7.2 and 9 or pH 5.6 and 9, respectively (Fig. 2(C)), and at
40 ◦C (Fig. 2(D)). Table 2 summarizes the effects of the chemicals on
the puriﬁed PLA1 activity against EGGL as the substrate. The enzyme
activitywas inhibited by Fe2+ and Fe3+ ions,>0.1MCa2+ ions and SDS;
however, the enzyme was not inhibited by EDTA and DTT. Weak in-
hibition was observed for 2-mercaptoethanol, PMSF and>0.23% (wt/
vol) Triton X-100. The effect of Triton X-100 concentration on the ac-
tivitywas investigated. As shown in Fig. 3(A), the enzyme activitywas
a minimum at 0.5% (wt/vol) Triton X-100 on EGGL hydrolysis. Since
the critical micelle concentration of Triton X-100 is 0.24 mM (0.015%
(wt/vol)), the interaction of micelles with the substrate may have in-
ﬂuenced the enzyme activity. In contrast, the hydrolytic activity on
DMPA and DPPC was maximal at 0.2%–1% and 1% (wt/vol) Triton X-
100, respectively (Fig. 3(B)). Consequently, we selected 1% (wt/vol)
Triton X-100 for the standard assay mixture. At pH 5.6, the enzyme
exhibited the highest hydrolytic activity against PI, crude SBPC and
SBL (Fig. 4). On the other hand, at pH 9, PS and PG were the preferred
substrate over PC, especially crude PC.
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Table 1
Puriﬁcation of PLA1 from S. albidoﬂavus NA297.
Puriﬁcation step Activitya (U/ml) Sample vol. (ml) Protein (mg/ml)
Total protein
(mg)
Speciﬁc activity
(U/mg) Total activity (U) Yield (%)
55-h culture
supernatant
1.51 355 1.06 377 1.42 536 100
80% ammonium
sulfate
2.67 130 1.17 152 2.28 347 64.8
Phenyl-650M 4.78 52.8 0.257 13.6 18.6 252 47.1
HiTrap SP HP 9.13 11.4 7.20 × 10−3 82.1 × 10−3 1268 104 19.4
HiTrap Q HP 3.74 6.80 1.33 × 10−3 8.84 × 10−3 2873 25.4 4.74
a PLA1 activity was assayed using the reaction mixture containing 0.1 M Tris – HCl buffer (pH 8.0), 2.5% (wt/vol) EGGL, 0.005% (wt/vol) Triton X-100 and 25 mM EDTA at 37
◦C.
Table 2
Effect of various chemicals on the PLA1 activity for egg yolk lecithin (EGGL) hydrolysis.
a
Chemical Relative activity (%)c
EDTA freeb 100
25 mM EDTAa 108
50 mM EDTA 100
75 mM EDTA 84.8
100 mM EDTA 85.2
10 mM CaCl2 82.6
100 mM CaCl2 45.2
200 mM CaCl2 22.6
10 mM CoCl2 104
10 mMMgCl2 109
10 mMMnCl2 123
10 mM ZnCl2 83.0
10 mM FeCl3 10.7
10 mM FeCl2 41.1
2 mM 2-mercaptoethanol 65.8
2 mM dithiothreitol 100
2 mM PMSF 78.0
2 mM sodium dodecyl sulfate 11.7
0.1% Triton X-100 99.5
0.23% Triton X-100 59.2
1% Triton X-100 55.7
a The puriﬁed enzyme was assayed under standard assay conditions, 0.1 M sodium
acetate buffer (pH 5.6), 2.5% (wt/vol) EGGL, 0.005% (wt/vol) Triton X-100 and 25 mM
EDTA at 50 ◦C for 5 min. The enzyme was preincubated in the reaction mixture with
each chemical at 50 ◦C for 5 min, and then assayed by incubation at 50 ◦C for 5 min.
b The activity was measured under the assay condition without EDTA.
c The relative activity is expressed as a percentage of the activity under the assay
condition without EDTA.
Fig. 3. The effect of the Triton X-100 concentration in the enzyme reactionmixture on
the enzyme activity. The enzyme activity was assayed by incubation at 50 ◦C for 5 min
with 2.5% (wt/vol) EGGL (A), DPPC (B, closed circle), or DMPA (B, open circle) in 0.1 M
sodium acetate (pH 5.6) containing 25 mM EDTA and each percentage of Triton X-100.
2.4. Positional speciﬁcities of PLA1 and lysophosphocholine production
The SaPLA1 enzyme activity was detected by the
EnzCheck
®
Phospholipase A1 assay kit; however, PLA2 activity
was not detected by the Phospholipase A2 assay (data not shown).
These results suggest that the SaPLA1 enzyme is PLA1. Gas chro-
matography (GC) analysis demonstrated that FFAs were released
proportionally with the enzymatic reaction time from the sn-1 and
Fig. 4. Substrate speciﬁcity of the enzyme. Black andwhite bars represent for substrate
proﬁles at pH 5.6 and 9.0, respectively. The enzyme activity was assayed by incubation
at 50 ◦C for 5minwith 2.5% (wt/vol) of each substrate in 0.1 M sodium acetate (pH 5.6)
or Tris–HCl (pH 9.0) containing 25 mM EDTA and 1% (wt/vol) Triton X-100.
sn-2 position of POPC (Fig. 5(A)). At an early reaction time point
(5 min), the molar ratio of released FFAs was a sn-1/sn-2 ratio of
71.5:28.5 (Fig. 5(B)). In contrast, in the equilibrium mixture of the
reaction, the molar ratio of released FFAs was a sn-1/sn-2 ratio of
63:37. The positional selectivity was almost equal to that of A. oryzae
PLA1 (data not shown).
2.5. Cloning of the PLA1 gene
The partial nucleotide sequence of the gene encoding PLA1 (pla)
was determined by a standard PCR using primer sets designed from
the N-terminal and internal amino acid sequences. The 359-bp deter-
mined nucleotide sequence encoded a protein of 111 amino acids in
length. The nucleotide sequence of the 5′ upstream region of plawas
determined by inverse PCR; however, only a few nucleotides of the
3′ downstream region were determined (data not shown). The PLA1
gene was then ampliﬁed using the 3′ region nucleotide sequence of
a secreted hydrolase of S. albus J1074 exhibiting 100% identity to the
359-bp determined nucleotide sequence of S. albidoﬂavus, and the
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Fig. 5. GC analysis of the time course of the enzyme reaction. The enzyme reaction
was carried out by incubation at 37 ◦C with 1% (wt/vol) POPA in 0.16 M Tris–HCl
(pH 9.0) containing 25 mM EDTA and 1% (wt/vol) Triton X-100. (A) The released FFA
concentration, and (B) the molar ratio of the released FFA.
obtained PCR fragment was cloned into the pMD20 vector. Conse-
quently, the nucleotide sequence of pla was determined from the
sequence of the 1.18-kb PCR product. The ORF of pla consisted of
807 nucleotides encoding a 269-amino-acid protein with a deduced
molecular weight of 27,199 (Fig. 6). As shown in Fig. 6, the putative
ATG translational start codon is preceded at a spacing of 4 bp by a
potential ribosome binding site (ggagg). A possible promoter region
was not found. The N-terminal sequence of themature enzyme starts
at Ala-34 of the deduced amino acid sequence, indicating that the
preceding 33 residues are a signal sequence for secretion. A consen-
sus sequence of lipase (GXSXG) was found in the ORF of pla. The
molecular weight of the gene product without the signal sequence
was calculated to be 27,199, which is in agreement with that of the
puriﬁed enzyme estimated by SDS–PAGE and DLS analyses. The com-
plete nucleotide sequence of pla has been deposited in the GenBank
database under the accession number AB605634.
2.6. Expression, puriﬁcation and characterization of PLA1
High efﬁciency extracellular production of S. albidoﬂavus PLA1 has
been successfully achieved in Streptomyces lividans cells transformed
with the expression vector pUC702/pla. The speciﬁc activity in the
culture supernatant (46.4 U/mg) was about 30-fold higher than that
(1.42 U/mg) of the wild-type strain. A large amount (25 mg-protein)
of PLA1 with a high speciﬁc activity (588 U/mg-protein) and total
activity (14.7 kU) was puriﬁed to electrophoretic homogeneity from
the cultured supernatant by simple puriﬁcation steps (Table 3). Al-
though the pH and temperature proﬁle of the recombinant enzyme
was almost the same as that of the wild-type enzyme, the maximum
activity of the recombinant enzyme was observed at pH 7.2 in the
Tris–HCl buffer at 50 ◦C (Fig. 2(A) and (B)). For the following assay,
the enzymatic reaction was performed at 50 ◦C in a Tris–HCl buffer
(pH 7.2). The apparent Ea value for EGGL hydrolysis by the recombi-
nant enzyme was 58.3 kJ mol−1 (data not shown). The recombinant
enzyme was stable between pH 5.6 and pH 9 at 4 ◦C, and at 40 ◦C
and pH 7.2 (Fig. 2(C) and (D)). Thermal and pH stabilities of the ex-
pressed PLA1 were a little higher than those of the wild-type enzyme.
No differences of the effects of the chemicals on the activity between
the expressed enzyme and thewild-type proteinwere observed (data
not shown). As shown in Fig. 7, the recombinant enzyme preferably
hydrolyzed POPA and PS at 50 ◦C in Tris–HCl buffer (pH 7.2). The
difference in substrate speciﬁcity between the wild-type and recom-
binant enzyme likely resulted from the inﬂuence of the reaction pH.
The substrate speciﬁcity was in the following order: POPA, PS > PI >
POPC, PG > POPE. PLA1 hydrolyzed LPC as well as glycerophospho-
lipids. Relative activity was 56.5 ± 6.3% for LPC and 44.6 ± 10.3%
for POPC, with activity towards POPA set to 100%. The PLA1 could not
hydrolyze triglycerides such as soybean oil and olive oil, even in the
Fig. 6. Nucleotide anddeduced amino acid sequence of S. albidoﬂavus PLA1. Underlined
regions of the amino acid sequences were determined by protein sequencing and
nanoLC-MS/MS. The deduced ribosome binding domain and cleavage site by signal
peptidase are indicated by rbs and the arrow, respectively. A consensus sequence of
lipase (GXSXG) is represented by the double underline.
presence of 10 mM CaCl2. The PLA1 exhibited much lower activities
towards p-nitrophenyl esters of fatty acids even in the presence of 10
mM CaCl2. These results prove that the enzyme is a phospholipase,
but not a lipase as well as a carboxylesterase.
2.7. Steady-state kinetics of PLA1
Good linear regression analysis was achieved by a Lineweaver–
Burk plot (Fig. 8). On the hydrolysis of POPA by the puriﬁed recombi-
nant enzyme at 50 ◦C and pH 7.2, the apparent Vmax and turnover rate
(kcat) were determined to be 1389 μmolmin
−1 mg-protein−1 and 630
s−1, respectively. The apparent Km and kcat/Km values were 2.38 mM
and 265 mM−1 s−1, respectively.
2.8. Mutant analysis of PLA1
The mutants of S11A, S11D, S11E, S11T, S11Y, S216A and H218A
exhibited no activity. The mutants S216D, S216E and H218R showed
negligible activity compared with the native enzyme (Table 4). The
mutants S216T and S216Y showed about 10%–20% relative activity.
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Table 3
Puriﬁcation of the expressed PLA1.
Puriﬁcation step Activitya (U/ml) Sample vol. (ml) Protein (mg/ml)
Total protein
(mg)
Speciﬁc activity
(U/mg)
Total activity
(kU) Yield (%)
48-h culture
supernatant
91.2 410 1.97 806 46.4 37.4 100
80% ammonium
sulfate
328 80.0 2.79 223 118 26.3 70.3
Phenyl-650M 163 88.4 0.281 24.8 582 14.4 38.6
HiTrap Q HP 735 20.0 1.25 25.0 588 14.7 39.3
a PLA1 activity was assayed using the reaction mixture containing 0.1 M sodium acetate buffer (pH 5.6), 2.5% (wt/vol) EGGL, 0.005% (wt/vol) Triton X-100 and 25 mM EDTA at 50
◦C.
Fig. 7. Substrate speciﬁcity proﬁles of the puriﬁed recombinant PLA1. The enzyme
activity was assayed by incubation at 50 ◦C for 5minwith 0.5% (wt/vol) phospholipids,
soybean oil, olive oil or 0.013% (wt/vol) pNP esters in 0.1MTris–HCl (pH7.2) containing
1% (wt/vol) Triton X-100 and 25 mM EDTA or 10 mMCaCl2. Data are the average of
experiments performed in triplicate. Error bars represent the standard deviation.
Table 4
Enzyme activity of the wild-type and recombinant enzymes.a
Enzyme Relative activity (%)b
Wild type 100
S11A 0
S11D 0
S11E 0
S11T 0
S11Y 0
S216A 0
S216D 1.77
S216E 0.746
S216T 23.1
S216Y 8.24
H218A 0
H218R 1.31
a The activity was measured in the reaction mixture consisting of 0.1 M Tris – HCl
buffer (pH 7.2), 2.5% (wt/vol) EGGL, 0.005% (wt/vol) Triton X-100 and 25 mM EDTA at
37 ◦C.
b Relative activities were determined by deﬁning the activity of the wild-type enzyme
(speciﬁc activity, 55.4 U/mg-protein) as 100%.
Fig. 8. Lineweaver–Burk plot of the steady-state kinetics of the recombinant PLA1
activity. The initial rate of POPA hydrolysis by the puriﬁed recombinant PLA1 was
determined at various POPA concentrations and thenplotted in a Lineweaver–Burkplot
(1/v vs.1/[POPA]). The initial rate of the enzyme reaction was assayed by incubation at
50 ◦C for 4minwith various POPA concentrations in 0.1M Tris–HCl (pH 7.2) containing
25 mM EDTA and 1% (wt/vol) Triton X-100.
3. Discussion
This is the ﬁrst report of a PLA1 from actinomycetes. Known mi-
crobial PLA1s of A. oryzae [1], Serratia sp. [2] and E. coli [3] are calcium
ion-dependent enzymes,whereas PLA1 of S. albidoﬂavus (SaPLA1)was
a metal ion-independent enzyme. SaPLA1 was isolated to high purity
and high speciﬁc activity (2873 U/mg-protein) was obtained by em-
ploying efﬁcient puriﬁcation steps. It has been reported that high
speciﬁc activities of PLA1 from the venom of the social wasp Poly-
bia paulista and of recombinant PLA1 from Serratia sp. xjF1 (SxPLA1)
were 2898 and 202.3 U/mg-protein, respectively [8,9]. Thus, with
respect to bacterial PLA1, we concluded that SaPLA1 has very high
speciﬁc activity. The properties of metal ion-independent and the
much higher speciﬁc activity of the enzyme from a non-pathogenic
bacterium should be an advantage for industrial applications. In addi-
tion to this, we have successfully achieved the efﬁcient extracellular
production of the enzyme using S. lividans cells. SaPLA1 was inhibited
in the presence of 10 mM Fe2+ and Fe3+ ions but was less sensitive to
the other metal ions, suggesting that the inhibition results from the
binding of Fe ions to the enzyme molecule, but not to the substrate
interface. The enzyme molecule is also possibly inactivated because
of metal ion-related denaturation. Iwai et al. reported that A. niger
lipase was inhibited by low concentrations of Fe2+ [10]. PLA1s from
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Mycobacterium phlei [11] and from Corticium centrifugum [12] were
inhibited by Fe2+ and Fe3+ ions. SDS and high concentrations of Triton
X-100 inhibited the enzyme activity of SaPLA1. Moreover, the opti-
mum concentration of Triton X-100 was dependent on the substrate
molecule type, suggesting that enzyme activity could be affectedwith
size and the form of themixedmicelle composed of the substrate and
detergent.
The deduced amino acid sequence of mature SaPLA1 exhibited
100% identity to an esterase SGNH (UniProt ID, D6BAL1) annotated in
the genome of S. albus J1074. “Annotation of Streptomyces albus strain
J1074.” has been submitted to the EMBL/GenBank/DDBJ databases
(October, 2008); however, the esterase of S. albus J1074 (SaEst) was
only predicted and not characterized. Moreover, SaPLA1 exhibited no
lipase and carboxylesterase activity. In addition, the deduced amino
acid sequence of the mature enzyme of SaPLA1 exhibited 68.6% and
63.4% identities to those of lipase Sc1 from S. coelicolor (Q9S2A5) and
lipase SrLip from S. rimosus (Q93MW7), respectively. SrLip has been
reported to show lipase, phospholipase, esterase, thioesterase and
Tweenase activities, and the preferred esters of the medium-chain
acids (C8–C12), whereas Sc1 shows its highest activity towards a long-
chain p-nitrophenyl ester (C14) [13]. The sequence blocks I, II, III andV
suggested to be characteristic for enzymes of the SGNH family could
readily be identiﬁed in SaPLA1. Although SrLip showed its highest
activity for diheptanoyl glycerophosphocholine (1196 U/mg), it also
exhibited low activities toward dioleoyl glycerophosphocholine (18
U/mg), triolein (171 U/mg) and pNPL (365 U/mg). These results indi-
cate that substrate recognition of SaPLA1 is essentially different from
that of SrLip.
Interestingly, SaPLA1 exhibited high activity over a broad pH range
(between 5 and 8). The active pH range was similar to that of E. coli
membrane-bound PLA1 (EcPLA1) [3]. The optimal pH of 5.6 for the
puriﬁed native SaPLA1 enzyme was different from that (pH 7.2) of
the recombinantly expressed SaPLA1, showing that the recombinant
enzymemay bemore stable than the native enzyme. This observation
was supported by the results of the pH and thermal stability tests. The
results of the thermal stability experiment showed that the half-life of
the activities for thewild-type and recombinant enzymeswere48 and
62 ◦C, respectively. In addition, the recombinant enzyme maintained
100%activity over aperiodof 1.5 years at 4 ◦C in20mMTris-HCl buffer
(pH 9.0). Since the optimum pH of EcPLA1 [3] and SxPLA1 [9] are pH
8.4 and 9, respectively, these enzymes are alkaline PLA1, whereas
SaPLA1 shows optimal activity at a more neutral pH value.
The maximum optimal temperature of activity of SaPLA1 (i.e., 50
◦C) is higher than SxPLA1 (35 ◦C) [9]. However, SaPLA1 appears to
be unstable at 50 ◦C. Thus, the maximum temperature presumably
results from physical effects such as ﬂuidities of the substrate and the
enzyme itself. That is, there is a trade-off between the catalysis of the
enzyme and the thermal stability. The apparent activation energy,
Ea = 18.8 kJ mol−1, for EGGL hydrolysis by the wild-type SaPLA1
differed to the value for the recombinant enzyme (i.e., 58.3 kJ mol−1),
indicating that the optimal pHmay be at around pH5.6. The Ea of PLA2
from cobra venom has been reported as 29.7 kJ mol−1 for micelles of
diheptanoyl-PC [14]. There is no report on the Ea of PLA1 from other
organisms. It is known that when the Ea changed from 62.8 to 41.9
kJ mol−1, the kcat increased 4.5 × 107 times, indicating that SaPLA1
has remarkably high catalytic efﬁciency. However, further studies are
needed to fully understand the reason for such high efﬁciency.
The substrate speciﬁcity was affected by the reaction pH, suggest-
ing that the speciﬁcity probably results from the ionization state of
residues located in the active site as well as the ionization state of
the head groups of the substrate. If the substrate speciﬁcity corre-
lated with the ionization state of the head groups of the substrate,
the enzymatic activity toward PI and PG or DOPE and DPPC would
have been similar, because the pKa value of the phosphate groups
of these substrates is very similar. Therefore we conclude that it is
changes in the ionization state of amino acid residues in the active
site that are likely to be important in substrate speciﬁcity. On the
other hand, at pH 7.2, the recombinant enzyme had a tendency to
hydrolyze preferably POPA and PS. Scandella and Kornberg reported
that a membrane-bound EcPLA1 of E. coli can hydrolyze PC, PE, PG
and cardiolipin at comparable rates [3]. To our knowledge, there is
no report of substrate speciﬁcity of other bacterial PLA1s. Rose and
Prestwich have reported head group selectivity of PLA2 from various
organisms [15]. S. violaceoruber PLA2 preferred the PC head group,
followed by PG > PE >> PA. They also described that bacterial and
mammalian PLA2s, except for the venom and pancreatic enzymes,
showed no or weak hydrolysis of PA. In contrast, SaPLA1 showed the
highest activity toward PA. Further studies are needed to elucidate
the mechanism of head group speciﬁcity of SaPLA1.
The apparent Km of SaPLA1 was a somewhat higher value than
those of EcPLA1 [3], PLA1 from Serratia sp. MK1 (SMPLA1) [16] and
SxPLA1 [9]. The kcat value, 630 s
−1, of SaPLA1 was much higher than
that of SMPLA1 [16]. We conclude that the binding afﬁnity of SaPLA1
toward the substrate is lower than those of other bacterial PLA1s.
Nevertheless the turnover rate is much higher than all known PLA1s,
as shown in the BRENDA database.
The EnzCheck
®
Phospholipase A2 assay kit suggested that the
SaPLA1 enzyme is certainly not a PLA2. However, SaPLA1 may not be
able to recognize the Phospholipase A2 assay’s glycerophospholipid
with the dye-labeled acyl chain as the substrate. GC analysis showed
that SaPLA1 hydrolyzed the sn-2 acyl ester bond as well as sn-1. The
proportion of sn-2 hydrolysis by SaPLA1 may be higher than that of
other PLA1 enzymes. The selectivity is lower than that of SMPLA1
[2], but the analysis was carried out with non-pure enzyme. There
is no evidence for the positional speciﬁcity of PLA1 from A. oryzae
[1]. GC analysis showed that the positional selectivity of PLA1 from A.
oryzae was almost equal to that of SaPLA1. It was reported that acyl
migration from the 2-position to the 1(3)-position or the opposite of
diacylglycerol does occur [17]. Moreover, SaPLA1 hydrolyzed LPC as
well as diacylglycerophospholipids, suggesting that the transester-
iﬁcated acyl group may be hydrolyzed. However, no acyl migration
would happen in our reaction time due to the low acyl migration
rate. We conclude that SaPLA1 is able to hydrolyze the sn-2 position
of the acyl ester in glycerophospholipids. Further studies are needed
to elucidate the positional speciﬁcity mechanism of SaPLA1.
The results of the mutagenesis analysis showed that Ser11 is es-
sential for the catalytic function of SaPLA1, and the active site may be
composed of S216 and H218, resembling that of SsEst (1ESC) with
the active site composed of Ser14, Trp280 and His283. For SsEst,
the active site involves a Ser–His dyad and the carbonyl group of
Trp280. This postulation requires further analysis. We presently aim
to determine the crystal structure to reveal structural features, metal
ion-independency, the substrate binding mechanism and substrate
recognition mechanism of SaPLA1.
4. Experimental procedures
4.1. Materials
Tryptic soy broth (TSB) and BactoTryptone were from BD (NJ,
USA). Lecithin (SBL) from soybean and olive oil were from Wako
Pure Chemical Industries, Ltd (Osaka, Japan). Lecithin (EGGL) (
l-α-phosphatidylcholine approx. 70% as phospholipids min. 99%)
from egg yolk, l-α-phosphatidylcholine (PC) from egg yolk (purity
98%, TLC) and soybean oil were obtained from Nacalai Tesque,
Inc. (Kyoto, Japan). l-α-phosphatidylcholine (SBPC) from soybean
(Type IV-S, ≥30%) and l-α-phosphatidyl-l-serine (PS) from Glycine
max (soybean), p-nitrophenyl butyrate (C4) (pNPB), p-nitrophenyl
octanoate (C8) (pNPO), p-nitrophenyl decanoate (C10) (pNPD),
p-nitrophenyl laurate (C12) (pNPL), p-nitrophenyl palmitate (C16)
(pNPP), and p-nitrophenyl stearate (C18) (pNPS) were obtained
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from Sigma-Aldrich Co. LLC. (MO, USA). 1,2-Dioleoyl-sn-glycero-
3-phosphoethanolamine (DOPE), 1,2-Dimyristoyl-sn-glycero-3-
phosphate (DMPA), 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC), 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
(POPE), 1-Palmitoyl-2-oleoyl-sn-glycerol-3-phosphate (POPA),
1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-
Palmitoyl-2-oleoyl-sn-glycero-3-phospho-rac-(1-glycerol) (POPG)
and l-α-Lysophosphatidylcholine (LPC) were from Avanti Polar
Lipids, Inc. (Alabaster, Alabama, USA). l-α-phosphatidylglycerol
from egg (PG) was purchased from Funakoshi Co. (Tokyo, Japan).
l-α-phosphatidylinositol (PI) from wheat ovule was purchased from
Kanto Chemical Co., Inc. (Tokyo, Japan). TOYOPEARL Phenyl-650M
was from Tosoh (Tokyo, Japan). HiTrap S HP and HiTrap Q HP were
purchased from GE Healthcare UK Ltd. (Buckinghamshire, England).
All other chemicals were of the highest grade.
4.2. Bacterial strains and culture conditions
Approximately 1500 strains were isolated from various soil sam-
ples of Fukushima, Japan using HV medium [18]. Among the iso-
lates, strains exhibiting a clear halo on TSB plates containing lecithin
were selected [19]. Strain NA297 exhibiting high enzyme activity and
good reproducible production of enzymeswas selected andwas iden-
tiﬁed as a strain related to S. albidoﬂavus based on morphological
and the 16S rDNA sequence (DDBJ database under accession number
AB738935). S. albidoﬂavus NA297 was deposited as NITE BP-1014 in
the NITE Patent Microorganisms Depositary (NPMD) (Chiba, Japan).
Strain NA297 was maintained on 3% (wt/vol) TSB agar plates and
kept at−80 ◦C as 10% (vol/vol) glycerol stocks for long-termstorage. A
loopful of colonieswere scraped fromaplate and inoculated into a test
tube (18 mm, 180 mm) containing 5-ml seed medium of 3% (wt/vol)
TSB. This culturewas incubatedwith shaking (160 strokes permin) at
28 ◦C. After 48 h cultivation, a 1% (vol/vol) inoculum was transferred
into a 500-ml ﬂask containing 50-ml fermentationmedium of 3% TSB
supplemented with 1% (wt/vol) SBL and 0.1% (wt/vol) Tween 80 and
cultivated with shaking (180 rpm) at 28 ◦C for 55 h. The cells were
isolated from the culture by centrifugation at 18,800× g for 20 min.
E. coli HST08 Premium competent cells (Takara Bio Inc., Shiga,
Japan) were used as a host for recombinant plasmids. A plasmid T-
Vector pMD20 (Takara Bio Inc.) was used as a cloning vector. E. coli
HST08 was cultured in LB medium (pH 7.2) at 37 ◦C; if necessary, the
medium was supplemented with ampicillin (50 μg/ml), isopropyl-
β-d-thiogalactopyranoside (0.5 mM) and X-Gal ( 0.005% (wt/vol)). S.
lividans 1326 (NBRC15675) used as a host for the expression of PLA1
was obtained from theNITE Biological Resource Center (Chiba, Japan).
4.3. Puriﬁcation of wild-type PLA1 from S. albidoﬂavus
All procedures were performed at 4 ◦C. The culture supernatant
was obtained by centrifugation (18,800× g for 20 min) after 55 h of
culturing. The resultant supernatant was placed in a saturated am-
monium sulfate solution ((NH4)2SO4 mass fractionation = 80%) and
was centrifuged at 18,800× g for 20 min. The resultant precipitate
was suspended in 20 mM Tris–HCl buffer (pH 9.0) and dialyzed for
2 d against the same buffer. The enzyme sample was adjusted to 1.5
M ammonium sulfate and loaded onto a TOYOPEARL Phenyl-650M
column (2.5 × 4 cm) equilibrated with 20 mM Tris–HCl buffer (pH
8.0) containing 1.5 M (NH4)2SO4. The columnwas washed with three
column volumes (CV) of the same buffer at a ﬂow rate of 8 ml/min,
and the proteinwas elutedwith a linear gradient (15 CV) of 1.5 to 0M
(NH4)2SO4 in the same buffer at 6 ml/min. The active fractions were
pooled and the buffer changed to 20 mM MES-NaOH (pH 6.0) using
Vivaspin 20–10K (GEHealthcareUK Ltd., Buckinghamshire, England).
Thiswas followed by applying the sample to aHiTrap SPHP column (5
ml) equilibrated with the same MES buffer. The column was washed
with three CV of the same buffer at a ﬂow rate of 8 ml/min, and the
protein was eluted with a linear gradient (10 CV) of 0 to 1 M NaCl in
the same buffer at 2 ml/min. The active fractions were pooled. The
buffer was exchanged with 20 mM Tris–HCl buffer (pH 9.0) using the
same method mentioned above. The enzyme solution was applied to
a HiTrap Q HP column (5 ml) equilibrated with the same Tris buffer.
The column was washed with three CV of the same buffer at a ﬂow
rate of 8ml/min and the proteinwas elutedwith a linear gradient (10
CV) of 0 to 1 M NaCl at 2 ml/min. Fractions exhibiting high speciﬁc
activity were pooled and used for investigation.
4.4. Enzyme activity assays
For PLA1 activity, the typical assay mixture, containing 10 μl of
the enzyme solution, 50 μl of 0.2 M Tris–HCl buffer (pH 8.0), 25 μl
of 10% (wt/vol) phospholipid/0.02% (wt/vol) Triton X-100, 10 μl of
distilled water and 5 μl of 0.5 M EDTA was incubated at 37 ◦C for
5 min. The reaction was stopped by incubation at 100 ◦C for 5 min.
The sample was subsequently centrifuged at 21,600× g for 5 min
and the supernatant collected. The FFAs released by the hydrolysis of
phospholipids at the sn-1 and/or sn-2 position were quantiﬁed with
the NEFA-C-kit
®
(Wako Pure Chemical Industries, Ltd, Osaka, Japan),
according to the instructions of the manufacturer. The rates of FFAs
release from the enzyme reaction mixtures were calculated and one
unit (U) of enzyme activity was deﬁned as the amount of enzyme
that produced 1 μmol of FFA per minute. For the assay of the mutant
enzyme, the enzyme activity was assayed at 37 ◦C for 5 min using
of the cultured supernatant of the mutant. The reaction mixture (0.1
ml) contained 0.1 M Tris–HCl buffer (pH 7.2), 2.5% (wt/vol) EGGL,
0.005% (wt/vol) Triton X-100, 25 mM EDTA and the enzyme sample
(10 μL). The reaction was stopped by incubation at 100 ◦C for 5 min.
The enzyme activity was determined by the same method described
above. Lipase activity assay mixture contained soybean oil or olive
oil as a substrate instead of phospholipids. The enzyme activity was
assayed at 50 ◦C for 5 min using of the puriﬁed wild-type enzyme.
The reaction mixture (0.1 ml) contained 0.1 M Tris–HCl buffer (pH
7.2), 0.5% (wt/vol) soybean oil or olive oil, 1% (wt/vol) Triton X-100,
25 mM EDTA or 10 mM CaCl2. The reaction was stopped by incu-
bation at 100 ◦C for 5 min. The enzyme activity was determined by
the same method described above. One unit (U) of enzyme activity
was deﬁned as the amount of enzyme that produced 1 μmol of FFA
per min. Esterase activity was determined spectrophotometrically by
hydrolysis of different p-nitrophenyl esters [20]. The typical reaction
mixture (0.15 ml) contained 0.0133% (wt/vol) pNPS, 20 mM Tris–HCl
buffer (pH 7.2), 1% (wt/vol) Triton X-100 and 4.8 mU (45 ng) of the
puriﬁed PLA1 (15 μL). The enzymatic reaction was performed at 50
◦C
and the hydrolysis was measured at 405 nm with an ε405 of 16,980
M−1 cm−1. One unit of activity was deﬁned as the amount of enzyme
releasing 1 μmol per min under assay conditions. PLA1 and PLA2 ac-
tivity assays were carried out using the EnzCheck
®
Phospholipase A1
Assay Kit and the EnzCheck
®
Phospholipase A2 Assay Kit (Life Tech-
nologies Corporation, California, USA). The assay kits are a simple,
ﬂuorometric method designed for continuous monitoring of PLA1
or PLA2 activity. The substrates are speciﬁc for each enzyme and
are a dye-labeled glycerophosphoethanolamine and glycerophospho-
choline with a BODIPY(R) FL dye-labeled acyl chain at the sn-1 or the
sn-2 position. The results are a PLA1- or PLA2-dependent increase in
BODIPY(R) FL ﬂuorescence emission detected at approximately 515
nm. Speciﬁcity is imparted by the placement of the BODIPY(R) FL acyl
chain in each position and by the incorporation of an acyl group with
an enzymatic resistant (non-cleavable) ether linkage in each position.
Each activity was determined according to the protocol outlined by
the manufacturer.
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4.5. Effect of pH, temperature and chemicals on PLA1 activity
Each buffer (sodium acetate, BisTris–HCl, Tris–HCl and glycine–
NaOH) was used to identify optimum pH and to determine pH sta-
bility. The optimum pH was examined by incubation at 37 ◦C for 5
min with 2.5% (wt/vol) EGGL in 0.12 M of each buffer containing 25
mM EDTA and 0.005% (wt/vol) Triton X-100. The pH stability was
assayed by incubating the enzyme at 4 ◦C for 3 h in 50 mM of each
buffer solution. The remaining activity was assayed under standard
assay conditions, by incubation at 50 ◦C for 5 min with 2.5% (wt/vol)
EGGL in 0.12 M sodium acetate (pH 5.6) containing 25 mM EDTA and
0.005% (wt/vol) Triton X-100. The PLA1 activity was determined at
each temperature by incubation (5 min) with 2.5% (wt/vol) EGGL in
0.12 M sodium acetate (pH 5.6) containing 25 mM EDTA and 0.005%
(wt/vol) Triton X-100. The apparent activation energy (Ea) for EGGL
hydrolysis was determined from the slope of the Arrhenius plot. The
thermal stability was determined by incubating the enzyme in 0.2 M
sodium acetate (pH 5.6) at each temperature for 30 min, and then
the residual activity was measured by incubation at 50 ◦C for 5 min
with 2.5% (wt/vol) EGGL in 0.12M sodium acetate (pH 5.6) containing
25 mM EDTA and 0.005% (wt/vol) Triton X-100. The effect of chem-
icals such as metal ions and inhibitors on the enzyme activity was
investigated. The enzyme activity was assayed by incubation at 50
◦C for 5 min with 2.5% (wt/vol) EGGL in 0.1 M sodium acetate (pH
5.6) containing each concentration of the chemicals examined. The
effect of the Triton X-100 concentration in the reaction mixture on
the enzyme activity was examined. The enzyme activity was assayed
by incubation at 50 ◦C for 5 min with 2.5% (wt/vol) EGGL, DPPC, or
DMPA in 0.1 M sodium acetate (pH 5.6) containing 25 mM EDTA and
each percentage of Triton X-100.
4.6. Protein analysis
Protein concentration was determined with the Pierce BCA pro-
tein assay kit (Takara Bio Inc., Japan) and BSA as the standard. Protein
samples were analyzed by SDS–PAGE according to Laemmli [21]. The
molecular mass of puriﬁed PLA1 was estimated by gel ﬁltration and
dynamic light scattering (DLS) analysis. Gel ﬁltration was performed
using a TSK gel G3000SWXL column (Tosoh, 7.8-mm i.d. × 30-cm) at
a ﬂow rate of 1.0 ml/min with 50 mM potassium phosphate buffer
(pH 7.0) containing 0.3 M NaCl. The column was calibrated with a
gel ﬁltration calibration kit (GE Healthcare UK Ltd.) before and after
the enzymewas subjected to a chromatography procedure. DLSmea-
surementwas performed on a Zetasizer NanoZ (Malvern Instruments,
Malvern, UK) and analyzed by algorithms included in the Zetasizer
Nano software.
4.7. Peptide sequencing
The puriﬁed protein was resolved by SDS–PAGE and then elec-
troblotted onto a PVDF membrane (Immobilon-PSQ transfer mem-
brane, Millipore Co., Billerica, MA). The PVDF membrane was stained
with Coomassie brilliant blue R-250 (CBB), and the transferred 28-
kDa band was excised and subjected to N-terminal amino acid se-
quence analysis (Procise 494 HT Protein Sequencing System; Applied
Biosystems, Foster City, CA, USA). For internal terminal amino-acid se-
quencing, an SDS–PAGE gel was stained using CBB, the 28-kDa band
was excised and then decolorizedwith 30% (vol/vol) acetonitrile con-
taining 25 mM (NH4)2HCO3. The in-gel digestion was performed by
the method described by Shevchenko et al. [22]. Brieﬂy, the excised
28-kDa band was digested with Trypsin (Sequencing Grade Modiﬁed
Trypsin, Promega Corporation, Madison, WI, USA) for 45 h at 4 ◦C.
The fragments were analyzed with a nanoACQUITY UPLC Xevo QTof
MS system (Waters Corp., Milford, MA, USA). The sample solution
was transferred to an autosampler vial. One μl was chromatographed
on a nanoAcquity column BEH130C18 (75 μm × 150 mm) using a
nanoAcquity UPLC system (Waters Corp., Milford, MA, USA). The col-
umn was heated to 40 ◦C, and ultrapure water containing 0.1% (vol/
vol) formic acid (A) and 0.1% (vol/vol) formic acid/acetonitrile (B)
were employed. A typical 101-min sample run consisted of a gradient
from 99% to 50% solvent A over 95 min, from 50% to 10% solvent A
over 1 min, and maintaining 10% solvent A for 4 min followed by an
increase of solvent A up to 99% over 1 min. A ﬂow rate of 0.3 μL/min
was used and the efﬂuent was sprayed using Pre-cut PicoTip Emit-
ter (Waters, 360 μm OD × 20 μm ID; 10 μm tip; 6.35 cm length).
The UPLC system was interfaced by electrospray ionization (ESI+)
to a Waters Xevo QTOF-MS operated in data dependent acquisition
(DDA)modewith positive ionization. The capillary and sampling cone
voltages were set to 3000 and 24 V, respectively. Source and desol-
vation temperatures were set to 90 and 200 ◦C, respectively, and the
cone, desolvation and nanoﬂow gas ﬂows were set to 30, 800 and
0.3 l/h, respectively. The collision argon gas energy was optimized
to monitor the product ions of interest. To maintain mass accuracy,
[Glu1]-Fibrinopeptide B human (Sigma-Aldrich Co. LLC., MO, USA) as
a lock mass (m/z 785.00 for positive ion mode) at a concentration of
500 fmol/μl in 0.1% (vol/vol) formic acid/50% (vol/vol) acetonitrile
was used, and injected at a rate of 0.5 μl/min. Accurate mass LC-MS/
MS DDA data were acquired in the centroid mode from 50 to 1990
m/z. Data acquisition was achieved with MassLynx version 4.1 SCN
712 (Waters Corp., Milford, MA, USA). De novo sequencing was per-
formed with the ProteinLynx Global SERVER (Waters Corp., Milford,
MA, USA).
4.8. Gas chromatography (GC) analysis
The positional speciﬁcity on the hydrolytic reaction was deter-
mined by capillary GC analysis. The puriﬁed wild-type enzyme of S.
albidoﬂavuswasused for the experiment. The enzymatic reaction con-
taining 1% (wt/vol) POPA as a substratewas performed at 37 ◦C in 0.16
M Tris–HCl buffer (pH 9.0) containing 1% (wt/vol) Triton X-100 and
25mMEDTA by the above-mentionedmethods. The reactionwas ter-
minated by extracting with chloroform–methanol (2:1, vol/vol). One
microliter of the extracts was injected with a split ratio of 50:1 into
a Shimadzu GC-14B (Kyoto, Japan) chromatograph system equipped
with a Nukol column (15 m × 0.53 mm × 0.50 μm; Sigma-Aldrich).
The GC operation conditions: the GC column was heated at 8 ◦C/min
from 110 to 220 ◦C and held for 15 min at 220 ◦C, the injector and
detector temperature was 250 ◦C, and the ﬂow rate of the He carrier
gas was 25 ml/min. The released FFAs were separated.
4.9. Steady-state kinetics
The expressed and puriﬁed enzyme was used for steady-state ki-
netics. The enzymatic reaction containing POPA as a substrate was
performed at 50 ◦C in 0.1 M Tris–HCl buffer (pH 7.2) containing 25
mM EDTA and 1% (wt/vol) Triton X-100 by the above-mentioned
methods. The concentration of POPA ([POPA]) was calculated using a
molecularweight of 696.92. The corresponding 1/v vs. 1/[POPA] plots
were treated according to a Michaelis–Menten equation. Kinetic con-
stants were determined by extrapolation using the Lineweaver–Burk
plot by linear regression (KaleidaGraph, Synergy Software, PA, USA).
The Km and Vmax were determined from the x- and y-intercepts of the
regression line, respectively. The kcat was calculatedusing amolecular
weight of 27,199 for monomeric protein and one catalytic site.
4.10. Cloning of the PLA1 gene
Chromosomal DNA of S. albidoﬂavus was puriﬁed according to
Kieser et al. [23]. Oligonucleotides were synthesized based on the
N-terminal (AAGGYVALGDS) and internal amino acid sequences (AP-
SANVVV and FVESTLPGR) of the enzyme for use in PCR with the
sense primer N 5′-gcsgcsggcggctacgtsgc-3′ and antisense primer A1
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5′-sacsacsacattsgcsswsggsgc-3′ and A2 5′-cggccsggstkggtsswctcsacg-
3′. The PCR reaction mixture (20 μL × 10) contained: MightyAmp
buffer, 12.5 pmol of each primer, 0.5 U of MightyAmp DNA poly-
merase (Takara Bio Inc., Japan) and ∼4.52 ng of S. albidoﬂavus chro-
mosomal DNA as a template. The thermal cycling parameters were
98 ◦C for 2 min followed by 25 cycles of 98 ◦C for 10 s, 68 ◦C for 1
min and 68 ◦C for 1min after the completion of the 25 cycles. The PCR
fragment ampliﬁed using the sense primer N and antisense primer A2
was puriﬁed and cloned into the pMD20 vector (Takara Bio), and the
resulting vector was called pPLA. Sequencing of the partial PLA1 gene
on pPLAwas performedwith the BigDye Terminator cycle sequencing
kit (Life Technologies Corporation, California, USA) and analyzed in
an ABI Prism 3100 genetic analyzer (Life Technologies Corporation).
To reveal the complete sequence of the gene encoding PLA1, inverse
PCR was performed with the forward primer 5′-gggtacgccttgggggtg-
3′ and the reverse primer 5′-cctgcgtcctccagtccg-3′. Genomic DNAwas
digested with restriction endonucleases (Sph I, Nco I, Sac I, Sac II, Kpn
I, Sau 3AI and Pvu I). Digested DNA was circularized by self-ligation
and used as templates for inverse PCR. The PCR reaction mixture (20
μL × 8) contained: MightyAmp buffer, 12.5 pmol of each primer, 0.5
U of MightyAmp DNA polymerase and 0.2 μl of the self-ligation so-
lution as a template. The inverse PCR program was 98 ◦C for 2 min
and followed by 30 cycles of 98 ◦C for 10 s, 70 ◦C for 4 min and 70 ◦C
for 7 min after the completion of the 30 cycles. As above-mentioned,
the DNA fragment was cloned into the pMD20 vector and sequenced.
A database homology search revealed using BLAST that the deduced
partial amino acid sequence of PLA1 showed 100% identity to that of
a secreted hydrolase of S. albus J1074 (DDBJ database under acces-
sion number D6BAL1). To clone the PLA1 gene, reverse primer CRV
(5′-tcaggccttggagttcagcac-3′) was designed based on the 3′ region of
the secreted hydrolase gene of S. albus J1074, PCR was carried out
using the sense primer N1 (5′-gccgcaggcggctacgtcgc-3′) and the re-
verse primer CRV. The PCR reaction mixture (20 μL × 10) contained:
MightyAmp buffer, 12.5 pmol each of the sense primer N and the re-
verse primer CRV, 0.5 U of MightyAmp DNA polymerase, and ∼4.52
ng of the S. albidoﬂavus chromosomal DNA as a template. The PCR
program was 98 ◦C for 2 min and 20 cycles of 98 ◦C for 10 s followed
by 68 ◦C for 1 min and a ﬁnal step after the cycles of 68 ◦C for 5 min.
The obtained PCR fragment was puriﬁed and cloned into the pMD20
vector and the resulting vector was called pPLA1. Sequencing of the
PLA1 gene on pPLA1 was performed as described above.
4.11. Expression and puriﬁcation of PLA1
S. lividans 1326 (NBRC15675) was obtained from the NITE Bi-
ological Resource Center (Chiba, Japan). S. lividans 1326, possess-
ing no PLA1 activity, was used as a host for PLA1 expression. To
replace the Bgl II site in the PLA1 gene, the S. albidoﬂavus PLA1
gene (pla) was ampliﬁed from chromosomal DNA by a two-step
PCR. The ﬁrst PCR was performed using the following primers:
5′-aaagctagcgccgcaggcggctacgtcg-3′ (Nhe I-F1) containing the ﬁrst
codon (Nhe I, italic; Ala, underlined) of mature PLA1 and 5
′-
gagcagatttcgtggccgg-3′ (Bgl II-repair RV1); 5′-accggccacgaaatctgctc-3′
(Bgl II-repair F2) and 5′-ataagatcttcaggccttggagttcagc-3′ (Bgl II-RV2;
Bgl II, italic). The PCR reaction mixture (25 μL × 10) contained: 1 ×
buffer #1, 30 nmol ofMgSO4, 75 pmol of each primer set (Nhe I-F1 and
Bgl II-repair RV1; Bgl II-repair F2 and Bgl II-RV2), 7.6 nmol of dNTP,
1 μL of DMSO, 0.5 U of KOD-Plus-DNA polymerase and 233 ng of the
S. albidoﬂavus chromosomal DNA as a template. The thermal cycling
parameters were 98 ◦C for 2min, followed by 30 cycles of 98 ◦C for 15
s, 72 ◦C for 2 s and 74 ◦C for 25 s. At the end of the cycles, a ﬁnal round
of 74 ◦C for 10 s was applied. The second PCR was performed using
each ﬁrst-step ampliﬁcation product as a template with the forward
primer (Nhe I-F1) and the reverse primer (Bgl II-RV2). PCR was car-
ried out in a reaction mixture (25 μl × 6) containing 1 × buffer #2,
30 nmol of MgSO4, 75 pmol each primer, 7.6 nmol of dNTP, 1 μL of
DMSO, 300 ng of the products (ca. 600 bp) ampliﬁed using the primer
set of Nhe I-F1 and Bgl II-repair RV1, 338 ng of the products (ca. 100
bp) ampliﬁed using the primer set of Bgl II-repair F2 and Bgl II-RV2,
and 0.5 U KOD-Plus-DNA polymerase. Ampliﬁcation was performed
under the above-mentioned conditions. The obtained fragment was
puriﬁed anddigestedwithNhe I andBgl II, and then subcloned into the
Nhe I and Bgl II sites of pUC702 [24] carrying the promoter, signal se-
quence and the terminator region of the phospholipase D (PLD) ORF
from Streptoverticillium cinnamoneum. This expression plasmid was
sequenced and designated as pUC702/pla. The transformation tech-
niques of Kieser et al. were followed for S. lividans [23]. Transformants
were screened using lecithin-emulsiﬁed nutrient plates according to
Kim and Rhee [19]. Clones exhibiting a clear halo were collected and
clones having the highest activity were selected. The PLA1 produced
by the transformed S. lividanswas puriﬁed from a 48-h culture super-
natant by ammonium sulfate precipitation, hydrophobic interaction
chromatography and anion exchange chromatography.
4.12. Nucleotide and peptide sequence accession number
The nucleotide sequence of the PLA1 gene, designated pla, was de-
posited in the DDBJ database under the accession number AB605634.
4.13. Cloning and enzyme assay of mutant PLA1
The active site amino acids of SsEst are composed of Ser14, Trp280,
His283 and the esterase hydrolyzes speciﬁc ester bonds in suberin,
a wax-like lipid [25]. Amino acid residues that were deduced to be
involved in the active center of PLA1 were replaced by different amino
acids by site-directed mutagenesis using inverse-PCR ampliﬁcation.
PLA1 variants (S11A, S11D, S11E, S11T and S11Y; S216D, S216E, S216T
and S216Y; H218A and H218R) were generated using a KOD Plus
mutagenesis kit (Toyobo Co. Ltd., Tokyo, Japan) and pUC702/pla as
a template. The mutant proteins were produced extracellularly by
the transformed S. lividans. Clones exhibiting a cloud halo around
their colony and no halo were screened and selected. PLA1 activity
of the transformants was assayed. The production of all resulting
mutant proteins was veriﬁed by SDS–PAGE analysis. In addition, all
the resulting constructs were veriﬁed by DNA sequencing.
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